Abstract-We consider a uniformly charged incompressible nuclear liquid bounded by a closed surface. It is shown that the evolution of an axisymmetric surface Γ(r, t) ≡ σ − Σ(z, t) = 0, r = (σ, φ, z) can be approximately reduced to the motion of a curve in the (σ, z) plane. A nonlinear integro-diffrerential equation for the contour Σ(z, t) is derived. The contour Σ(z, t) and the local curvature are found to be a direct correspondence, which makes it possible to use methods of differential geometry to analyze the evolution of an axisymmetric nuclear surface. c 2002 MAIK "Nauka/Interperiodica".
MOTIVATION
The nonlinear dynamics of a nuclear surface is an object of special interest for the following reasons. First, the nuclear density decreases considerably in the surface region, where density fluctuations and clustering may be of importance. Second, various types of instability may develop in the surface region and lead to fragmentation processes at low (fission, nucleon transfer) and high (multifragmentation, breakup, etc.) energies. Finally, the liquid-drop concept [1] has been intensively used in macro- [2] and microphysics [3] for over a century. In any complicated systems, the nonlinear dynamics of shapes inevitably leads to mathematical problems in describing global geometric quantities such as a surface or an enclosed volume in various dimensions (polymers, cell membranes, 3D droplets).
Application of the soliton concept to nonlinear nuclear hydrodynamics opened yet new possibilities in this field (see, e.g., the review in [4] and [5-8] for recent references). However, any extension of nonlinear dynamics from 1 + 1 to 2 + 1 and 3 + 1 dimensions runs into difficulties of a fundamental character. The crucial point is to reduce the dimension of the problem at hand. The simplest two-dimensional nonlinear liquid objects were considered in [9] . It was shown that the 2D pure vortical motion of an inviscid nuclear liquid can be reduced to the 1D evolution of the contour bounding this drop. An extension to semi-3D geometry was performed in [10] . The equations * This article was submitted by the authors in English. of motion describing a localized vortex on a spherical nuclear surface-a bounded region of constant vorticity surrounded by irrotational flux-were reduced to the 1D nonlinear evolution of the boundary.
Here, we consider a uniformly charged incompressible nuclear 3D fluid bounded by a closed surface. It is shown that the evolution of an axisymmetric surface Γ(r, t) ≡ σ − Σ(z, t) = 0, r = (σ, φ, z) can be approximately reduced to the motion of a curve in the (σ, z) plane.
FRAMEWORK
The evolution of a one-body Wigner phase-space distribution function is analyzed instead of a full many-body wave function. Integrating the kinetic equation
over momentum space with various polynomial weighting functions of the variable p, one arrives at an infinite chain of equations for local collective observables, including the density, the collective velocity, the pressure, and an infinite set of tensorial functions of the time and spatial coordinates, which are defined as moments of the distribution function in momentum space: the particle density n(r, t) ≡ g dp f (r, p, t) and the mass density ρ(r, t) = m n(r, t), where we consider a proton and a neutron as different states of the same particle (the spin-isospin degeneracy of g = 4); the collective current and velocity of nuclear matter, ρ(r, t)u(r, t) = g dp pf (r, p, t); the pressure tensor P ij (r, t) = (g/m) dp × q i q j f (r, p, t), q = p − mu; tensors of various order describing energy-momentum transfer,
and integrals related to relaxation terms,
R ij ≡ g m dp q i q j I rel , . . . .
Truncating this chain, one arrives at the "fluiddynamics" level of the description of nuclear processes,
Here, we have used the standard notation
for the operator giving the matter derivative or the rate of change at a point locally moving with the fluid. The hydrodynamic set of Eqs. (4)-(6) describes evolution in a rotating nuclear system. The linear transformation
relates the coordinates of a point (X 1 , X 2 , X 3 ) in an inertial frame and (x 1 , x 2 , x 3 ) in a moving reference frame with a common origin. The orientation of the moving frame with respect to the inertial frame will be assumed to be time-dependent, T ij (t), representing an orthogonal transformation, and the vector
represents a general time-dependent rotation.
Let us restrict ourselves to the simplest possible motion of a nuclear liquid. We consider a uniformly charged (with a total charge Ze) incompressible nuclear "liquid" confined in a volume V bounded by a closed surface S obeying the equation Γ(r, t) ≡ σ − Σ(z, t) = 0, r = (σ, φ, z), where (σ, φ, z) are the cylindrical coordinates of a point. The geometry of the problem places the origin at the center of mass ( dr ρ(r, t) × u(r, t) = 0). The mean-field potential and the related tensors can be decomposed into nuclear and Coulomb terms V (x, t) = V nucl (x, t) + V coul (x, t). The nuclear potential can be derived as the first variation of the short-range interaction-functional (as usual, for effective densitydependent Skyrme forces) with respect to the density, V nucl (x, t) ≡ δE[n]/δn. This gives the nuclear potential as a function of the density n(r, t) = n 0 η(r, t). The incompressibility of nuclear matter implies n 0 = (2p 3 F )/(3π 3 ), where n 0 and p F are, respectively, the density of nuclear matter and the Fermi momentum. Bearing in mind that the effective mean-field potential is approximately constant in the interior of nuclei and that it has a sharp coordinate dependence in the surface region, we replace it by the surface term [11] γ s divn, wheren = ∇Γ/|∇Γ| is the unit outward normal to S and the surface tension γ s is related to the mass formula coefficient as b s = 4πr 2 0 γ s ∼ 22 MeV. In both cases, the contour Σ(z, t) defines completely the nuclear potential on the nuclear surface, Concerning pressure tensors, we will not solve the kinetic Eq. (1), but will use the fact that this simplest picture can be reproduced under the assumption that
